were analyzed. Patients with type 1 (T1D) or type 2 diabetes (T2D) and who were prescribed insulin between 2009 and 2013 were categorized into either a low-or high-dose insulin user group. Two-sample t test and chi-square test were used for comparison of continuous variables and categorical variables, respectively. A multivariable negative binomial regression analysis with (log) person time as an offset was used to assess the impact of different covariates on incidence of high-dose insulin initiation. Results: Between 2009 and 2013, 19,631 patients with diabetes were treated with insulin (T1DM, 7620; T2DM, 12,011). In 2013, 415 high-dose insulin initiators were identified (T1DM, N = 170; T2DM, N = 245). More than half were male (T1DM/T2DM, 62.4%/56.3%) and 94.1%/83.7% of T1DM/T2DM patients were prescribed an insulin analogue at high-dose insulin initiation. At 6 months, 43.6% of T1DM and 42.6% of T2DM remained to have suboptimal HbA1c level of C 8% (64 mmol/mol). Overall, 15.9%/63.3% of high-dose insulin initiators (HDII) with T1DM/T2DM took oral antidiabetics. From 2009 to 2013, the estimated glomerular filtration rate worsened in both T1DM and T2DM HDII. Conclusion: Despite a number of patients requiring high doses of insulin in the UK, achievement of optimal HbA1c levels remains poor. Early identification of HDII is important in order to plan for alternative/adjuvant
INTRODUCTION
In the UK, the number of people diagnosed with diabetes increased 2.5-fold between 1996 and 2014. Estimates suggest that about 1.1 million people have diabetes but are undiagnosed. Data from the Health Survey for England and estimates by Diabetes UK report that approximately 5 million people across the UK have impaired glucose regulation [HbA1c between 42 and 46 mmol/mol (6.0-6.4%)] [1]. Currently, the National Health Service (NHS) spends about 10% of its budget on diabetes with over threequarters of it being utilized to treat the complications of diabetes [1, 2] .
There is extensive evidence that tight glucose control reduces the risk of long-term complications of diabetes (DCCT [3] , UKPDS [4] ). Accordingly, national (National Institute for Health and Care Excellence) [5, 6] and international guidelines [American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD) statement] [7] have recommended the need to intensify treatment to achieve optimal HbA1c levels. A previous study [8] derived from a UK electronic primary care database reported that the crude prevalence rate of insulin use has increased from 2.43 (95% CI 2.38-2.49) per 1000 population in 1991 to 6.71 (6.64-6.77) per 1000 in 2010, especially among people with type 2 diabetes (0.67-4.34 per 1000 population). Despite current guidelines, a focused review of literature by Khunti and Millar-Jones, in 2017, highlighted clinical inertia with insulin intensification in patients with type 2 diabetes as a more pronounced chronic problem in the UK than the rest of the world [9] .
The Action to Control Cardiovascular Risk in Diabetes (ACCORD) study [10] reported increased mortality with intensive glucose control therapy versus standard therapy; but a subanalysis of the study by Riddle [11] found that the excess mortality occurred in the intensive arm, in which the patients would have received intensive escalation of insulin therapy but were not able to achieve HbA1c lowering.
Therefore, earlier identification of patients who would require high doses of insulin will allow physicians to implement more focused treatment approaches. Unfortunately, information on the extent of high-dose insulin usage in the UK is limited. Therefore, the aim of this study was to describe the patient characteristics, disease burden, and trends of insulin utilization, 
METHODS

Data Sources
This study was a retrospective analysis of UK general practice data from the Clinical Practice Research Datalink (CPRD). The CPRD service is a representative of the UK population providing anonymized longitudinal electronic primary care records for public health research since 1987. It collects coded data including but not limited to demographics, prescribing and diagnostic information, referrals, results, pregnancies, vaccinations, lifestyle characteristics, and covers therapy areas such as heart disease, cancer, mental health, diabetes, asthma, and women's health. It contains data of over 11.3 million patients from 674 practices with a median follow-up of 5.1 years [12, 13] . We extracted data on the trend of patients' demographics, insulin initiation dose, and clinical characteristics from year 2009 to 2013.
Compliance with Ethics Guidelines
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.
Study Population
Patients diagnosed with either type 1 or type 2 diabetes and who used insulin every year between 2009 and 2013 were identified and grouped into two categories groups based on the amount of insulin total daily dose (TDD) [14] ; the low-dose group comprised patients prescribed a TDD of B 200 units/day; high-dose insulin users (HDIU) were patients receiving a TDD of [ 200 units/day. Another category was high-dose insulin initiators (HDII) in each year comprising patients who had any TDD [ 200 units/day during that year but a TDD of B 200 units/day in the previous 6 months. All medical conditions were identified on the basis of recorded READ codes [15, 16] , providing the standard clinical vocabulary by which clinicians record patient findings and procedures in health and social care IT systems across primary and secondary care in the UK.
Patients were excluded if they had a specific diagnosis of gestational diabetes, secondary diabetes mellitus, or polycystic ovary syndrome, were prescribed only metformin, did not have diabetes codes, or were registered with the practice for less than 3 months during the study.
Definition of Key Measurements and Main Outcomes
Total daily dose was defined as a 3-month average daily prescribed dose, calculated by dividing the total insulin prescribed during each quarter by the number of days in each quarter.
Prevalence of High-Dose Insulin Users
The T1DM and T2DM study cohorts were further divided into two categories based on the amount of TDD of insulin prescribed: (1) lowdose insulin user (LDIU) group or (2) high-dose insulin user (HDIU) group.
For analysis of prevalence of HDIU, we included as our numerator all individuals who had been prescribed high-dose insulin treatment within that year. The denominator included all individuals using insulin in that year. For an HDIU in each year, the index date was defined as the first high-dose insulin prescription date.
Incidence of High-Dose Insulin Initiation
For each year from 2009 to 2013, if a patient had TDD [ 200 units/day during that year and TDD B 200 units/day in the previous 6 months, the person was identified as an HDII for that year. The index date was defined as the date when the first high dose of insulin was prescribed with no prescription of high-dose insulin in the preceding 6 months.
For our analysis on incidence of high-dose insulin initiation, annualized incidence rate (AIR) of HDII was estimated per 1000 personyears at risk (PYAR), calculated by totaling the number of patients with the first use of highdose insulin each year, and dividing this number by the total person-years of follow-up for all patient records for that year. Person time (in years) was measured from the latest of the registration date, up-to-standard (date at which data in the practice is considered to have continuous high quality data fit for use in research) date and January 1 of that year to the earliest of high-dose insulin initiation date, left the practice (transfer out) date, practice last collection date, date of death, and end of that year.
Statistical Analyses
All analyses were conducted separately for people with T1DM and T2DM. In 2013, for both the LDIU and HDIU groups, baseline (6 months prior to index date) patient demographics, clinical characteristics (e.g., BMI, duration of diabetes, and lipid measurements), and concomitant medication use were calculated and compared. Furthermore, for HDII, the antidiabetic treatment (insulin, oral medications, GLP-1 receptor agonist (GLP-1 RA) use, and the ratio of basal to bolus dosage), and disease burden (HbA1c measurements and e-GFR) were collected and compared between 6 months preand post-index period.
For the aforementioned analyses, two-sample t test and chi-square test were used for comparison of continuous variables (e.g., age) and categorical variables (e.g., gender), respectively.
Medication utilization was also presented to describe the changes over time in the prescribing patterns in primary care. The percentage of patients (either HDIU or HDII) prescribed different antidiabetic therapies (e.g., insulin regimen, oral antidiabetic drugs (OADs), or GLP-1RA) and nondiabetic medications (e.g., antihypertension, antidyslipidemia medications, etc.,) was determined for the years 2009, 2011, and 2013.
To assess the impact of different covariates, multivariable negative binomial regression analysis with (log) person time as an offset was used to analyze changes in incidence by age, gender, socioeconomic status, clinical characteristics, and medication utilization in a calendar year while controlling for the other respective variables. Likelihood ratio tests were used to explore the significance of each variable in the univariate and final adjusted multivariable model. This was done using the data from 2009, 2011, and 2013 as well.
SAS (Version 9.2) was used to conduct all the aforementioned analyses.
RESULTS
In total, 19,631 (7620 and 12,011 with T1DM and T2DM, respectively) patients on insulin treatment for diabetes between 2009 and 2013 ( Fig. 1) satisfied the selection criteria. During the 5-year timeframe, the average weight and BMI of insulin users with T1DM decreased slightly but remained relatively stable for those with T2DM (Fig. 2 ). An increasing number of patients required high doses of insulin to control hyperglycemia (143-247 and 332-443 HDIU with T1DM and T2DM, respectively); however, the prevalence rate of HDIU decreased, especially for those with T2DM (6.7-5.2%) (Fig. 1) .
Baseline Characteristics of HDIU
The population characteristics for HDIU are summarized in Table 1 . In 2013, 247 and 443 HDIU were identified among patients with T1DM and T2DM, respectively. Patients with T2DM were older than those with T1DM. More than half of the patients were male in both groups, with HDIU having a higher percentage of males than the LDIU group.
The mean weight and BMI of patients were both higher in the HDIU vs LDIU, and were highest in the T2DM HDIU. All patients had comparable HbA1c values. The proportion of patients with HbA1c C 9% in the LDIU/HDIU groups was 40.4%/38.7% for T1DM and 43.0%/ 41.9% for T2DM, respectively. As for Charlson Comorbidity Index (CCI) score, the LDIU and HDIU groups were quite similar in both diabetes types.
Treatment Outcomes of HDII in 2013
A total of 415 HDII (170 and 245 with T1DM and T2DM, respectively) were identified ( Table 2 ). In the 6 months after high-dose insulin initiation, despite a slight decrease in average HbA1c (8.6% vs 9.1% with P \ 0.05) for HDII with T2DM, more than half of the patients continued to have HbA1c C 8% in both diabetes types, although the proportion was relatively lower compared to that in the 6 months prior to high-dose insulin initiation. The proportion of patients with T2DM with HbA1c C 9% was significantly lower for 6 months' post-vs pre-index. Insulin analogue was the most prevalent insulin regimen at both pre-and post-index for T1DM as well as T2DM. The ratio of basal to bolus dosage was approximately 40/60 for both the overall insulin and insulin analogue treatments among HDII with T1DM. Metformin was the most prescribed OAD in both groups. The eGFR decreased significantly in T2DM (70.2 vs 67.0, P value \ 0.05) ( Table 2 ).
Trend of Characteristics of HDII
The annualized incidence rates (AIR) of highdose insulin initiation showed different trends in people with T1DM and T2DM ( Table 3 shows (Fig. 3) . However, no obvious trend was observed in weight and BMI for HDII with T2DM between 2009 and 2013. Figure 4 shows the trend of utilization of non-insulin antidiabetic medications (OAD or GLP-1RAs), antihypertensive, antiplatelet, and lipid-lowering drugs in HDII patients and also the LDIU, both for 6 months prior to index date. For patients with T1DM, the proportion of HDIIs using OAD decreased from 22.1% in 2009 to 14.1% in 2013, and also decreased slightly from 13.9% in 2009 to 11.4% in 2013 in the LDIU. However, insulin users with T2DM showed almost no change for OAD uptake in HDII while it increased in the low-dose group from 65.9% to 69.8%. Over the same period, . From 2009 to 2013, the proportions also increased for the LDIU from 0.2% to 0.5% in patients with T1DM and from 1.6% to 7.9% in patients with T2DM. Throughout the period of study, proportion of HDII with T2DM using antihypertensive, antiplatelet, and lipid-lowering drugs was higher than that of HDII patients with T1DM. The trend was similar for low-dose groups with T2DM versus T1DM. For HDII in 2013, the insulin TDD was 3.3 units/kg for T1DM and 2.6 units/kg for T2DM while the weight was 84.2 kg for T1DM and 102.5 kg for T2DM. Table 4 shows factors associated with incidence of HDII. For insulin users with T1DM, higher BMI was associated with higher incidence of HDII, and higher incidence was seen in the year 2013 compared to 2009. Women had a lower incidence of HDII than men. For insulin users , weight 90.1-84.2 kg). This trend was similar to data published on a group of obese patients with T2DM in a study by Paul et al. [17] . The reason for this is unclear but poor compliance may play a role in the observed weight loss. For HDII in 2013, in the 6 months following highdose insulin initiation, a high proportion of HDII patients had HbA1c C 8%; 56.4% in T1DM and 57.4% in T2DM. This result has important implications, as in the post hoc analysis of the ACCORD study [10] , a higher mortality rate was experienced by patients who were inadequately controlled at baseline and received intensive glucose-lowering strategy but [ 53 mmol/mol). An increase in insulin resistance may be the driver of this poor outcome and may also lead to the increasing dose because BMI trends did not show an increase in our study. Indeed, the characteristics of patients in the HDII cohort are of those with metabolic syndrome manifested by increased BMI, systolic blood pressure, and raised triglyceride levels. Although the number of people living with diabetes in the UK has increased almost 2.5-fold since 1996, the percentage of HDIU has decreased. This may be explained by the reported higher prevalence of clinical inertia with insulin intensification and availability of other insulin-sparing agents in the UK than rest of the world [9] . Clinical inertia to insulin intensification is the reluctance of many patients and clinicians to initiate and intensify insulin therapy in spite of the fact that early and strict glycemic control following diagnosis of diabetes is key to achieving positive clinical outcomes. The review reported that the reasons for reluctance might primarily arise from lack of clinical expertise, time, and patient understanding. Use of other glucose-lowering therapies (concomitant medications) to control HbA1c has decreased nonsignificantly for patients with T2DM. However, HbA1c control remained suboptimal for a variety of reasons, which include insulin resistance [18] , longer diabetes duration, poor compliance to insulins [19] , and obesity [20] . Given the rising prevalence of obesity in the general population with diabetes, persistent high HbA1c values, and the nature of patients receiving HDII, increased use of novel glucoselowering therapies which target the insulin resistance and metabolic syndrome states is important.
Factors Associated with High-Dose Insulin Initiation
This study had several limitations. The CPRD database collects data from medical practices in the UK only. Therefore, the generalization of results to other countries needs to be evaluated. There may have been a delay in entering patients' information into the system, which may have resulted in bias in determining the calendar year time point. The observational nature of the retrospective design could have introduced selection bias for evaluating the longitudinal change of prevalence/incidence. All medical conditions were identified on the basis of the READ codes recorded in the CPRD database without comparisons with medical charts or laboratory results. The TDD is an estimation based on 3 months' data of insulin prescribed, but not the amount that was actually taken. The retrospective methodology does not allow for observing the manner in which the individual patient may have self-adjusted the insulin dosing. Actual daily doses prescribed by the health care professional (HCP) are not very well captured in CPRD (e.g., this may be captured in patient notes and only for a few patients). Finally, we were not able to adjust human behavior such as patient motivation, compliance, and adverse effects of high dose insulin, which is not collected by the CPRD database. Additional research needs to be performed to provide insights into clinical inertia and fill the gap in our study.
CONCLUSION
From 2009 to 2013, an increasing number of patients required high doses of insulin to control hyperglycemia. Although increasing BMI was associated with increasing high-dose insulin initiation, the average BMI among insulin users did not increase from 2009 to 2013. In addition, achievement of optimal HbA1c levels remains poor. High concomitant non-insulin antidiabetic medication use, poor glycemic control in the follow-up year, and HCP inertia suggest that alternative intensive insulin therapy may be considered for this challenging population. Early identification of HDII is important in order to plan for alternative/adjuvant antidiabetic and lifestyle strategies to achieve optimal glycemic targets in this patient group. Further research is needed to examine changes in real-world clinical long-term outcomes after high-dose insulin initiation. 
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